ABSTRACT Lovatt et al. (1979 Plant Physiol 64: 562-569) have previously demonstrated that end-product inhibition functions as a mechanism regulating the activity of the orotic acid pathway in intact cells of roots excised from 2-day-old squash plants (Cucurbita pepo L. cv Early Prolific Straightneck). Uridine (0.5 millimolar finl concentration) or one of its metabolites inhibited the incorpontion of NaH'4CO3, but not I"Cjcarbamylaspartate or '4Clorotic acid, into uridine nucleotides (ZUMP). Thus, regulation of de novo pyrimidine biosynthesis was demonstrated to occur at one or both of the first two reactions of the orotic acid pathway, those catalyzed by carbamylphosphate synthetase (CPSase) and aspartate carbamyltransferse (ACrase). The results of the present study provide evidence that ACTase alone is the site of feedback control by added uridine or one of its metabolites. Evidence demonstrating regulation of the orotic acid pathway by end-product inhibition at ACTase, but not at CPSase, includes the following observations: (a) addition of uridine (0.5 millimolar final concentration) inhibited the incorporation of NaH'4C03 into ZUMP by 80% but did not inhibit the incorporation of NaH'4CO3 into arginine; (b) inhibition of the orotate pathway by added uridine was not reversed by supplying exogenous ornithine (5 millimolar fiald concentration), while the incorporation of NaH04C03 into arginine was stimulated more than 15-fold when both uridine and ornithine were added; (c) incorpoation of NaH'4CO3 into aginine increased, with or without added ornithinq, when the de novo pyrine pathway was inhibited by added uridine; and (d) in assays employing cell-free extracts prepared from 2-day-old squash roots, the activity of ACrase, but not CPSase, was inhibited by added pyrimidine nucleotides.
(c) incorpoation of NaH'4CO3 into aginine increased, with or without added ornithinq, when the de novo pyrine pathway was inhibited by added uridine; and (d) in assays employing cell-free extracts prepared from 2-day-old squash roots, the activity of ACrase, but not CPSase, was inhibited by added pyrimidine nucleotides.
CPSase2 II (dependent on L-glutamine as a N source, not requiring N-acetyl-L-glutamate as a cofactor, localized in the cytosol) is the only known enzyme in plants that synthesizes CP (1, 6, 8, 9) . Thus, this enzyme provides CP to both the orotic acid pathway for the de novo biosynthesis of pyrimidine nucleotides and the arginine biosynthetic pathway (Fig. 1 ). There has been considerable interest in the regulatory mechanism controlling the allocation of CP to these two pathways. Measurements employing cell-free extracts of roots excised from 2.5-to 3-d-old, dark-germinated Phaseolus aureus seedlings or Pisum sativum ' leaf tissue have provided evidence suggesting the coordinated regulation of de novo pyrimidine and arginine biosynthesis at CPSase: (a) CPSase was inhibited by end products of the de novo pyrimidine pathway (UMP > UDP > UTP), and (b) pyrimidine nucleotide inhibition of CPSase was partially reversed by omithine (6, 8) . The activity of ACTase has also been shown to be inhibited by end products of the orotate pathway (UMP > UDP > UTP) in assays employing partially purified enzymes from a variety of plant species (5, 7, 10) . On the basis of these observations, the following strategy has been proposed for the coordinated regulation of the de novo pyrimidine and arginine biosynthetic pathways (6) . When CP availability is low, it is believed that most of the CP available to the cell would be used by the de novo pyrimidine pathway. When UMP accumulated to a sufficient level, the activity of the orotate pathway would be reduced through end product inhibition of both CPSase and ACTase. With the inhibition of CPSase, ornithine would be expected to accumulate to a level that would eventually reverse the pyrimidine nucleotide inhibition of CPSase, thus providing CP for arginine synthesis. ACTase activity would still be inhibited to ensure that CP was utilized by the arginine pathway. If Incubations were carried out in 25-ml Erlenmeyer flasks sealed with rubber stoppers fitted with a plastic center well (Kontes Glassware, Vineland, NJ) containing a filter paper wick. At the end of the incubation period, 0.5 ml of 6 N KOH was injected into the plastic center well, and the reaction was terminated by injecting 1 ml of 1.5 N HC104 into the main chamber of the flask. The "'CO2 generated was allowed to distill from the acidified incubation mixture into the KOH in the center well for an additional 10-min incubation at 30°C. The contents of the main chamber were homogenized with a Polytron homogenizer (PCU-2, Brinkman Instruments). The Polytron probe was rinsed with 2 ml of0.25 N HC104 which was added to the homogenate. The insoluble material was removed by centrifugation at 10,000g for 10 min at 0°C. 
RESULTS
De Novo Arginine-Urea Biosynthesis. Activity ofthe complete pathway for the de novo biosynthesis of arginine was 40 ± 4 nmol (n = 6) NaH'4C03 incorporated into the combined pools of arginine and urea per g intact squash roots during the 3-h incubation period. The recovery of ['4C]arginine by our method was linear over a range of arginine concentrations from 10 to 1000 nmol. Average recovery was 80% over this range and, at any given arginine concentration, the standard deviation did not exceed ±7% (n = 3).
For comparison, the activity ofthe orotic acid pathway for the de novo biosynthesis of pyrimidine nucleotides determined from the same reaction mixture was 105 ± 10 nmol (n = 4) NaH'4C03 incorporated per g intact roots during the 3-h incubation period. For seeds of Cucurbita pepo L. cv Early Prolific Straightneck employed in this research, the activity ofthe orotic acid pathway was 30% less than that previously determined by this method for 
2-d-old roots of this cultivar (3).
Influence of Added Undine and/or Ornithine on De Novo
Pyrimidine and Arginine Biosynthesis in Intact Roots. The addition of uridine (0.5 mm final concentration) inhibited the incorporation of NaH'4CO3 into ZUMP by 80% but did not inhibit the incorporation of NaH'4CO3 into arginine (Table I ). This result suggested that CPSase is not sensitive to end-product inhibition in the intact roots excised from 2-d-old C. pepo seedlings. In light of previous work by Lovatt et al. (3) indicating that regulation occurs at one or both of the enzymic reactions leading to the synthesis of carbamylaspartate in this tissue, this result further suggested that ACTase alone is the enzyme regulating the activity of the orotate pathway through end-product inhibition. Consistent with the lack of feedback control at CPSase, the inhibition of the de novo pyrimidine pathway by added uridine was not reversed by supplying exogenous ornithine (5 mm final concentration), while the incorporation ofNaH'4C03 into arginine was stimulated more than 14-fold when both uridine and ornithine were present (Table I) .
Finally, the incorporation of NaH'4CO3 into arginine increased, with or without added ornithine, when the de novo pyrimidine pathway was inhibited by added uridine (Table I) . This result was consistent with an increase in available CP that (Table II) , while CPSase was not affected (Table III) . In two separate assays, inhibition of ACTase by UMP was equal to that by UDP but more effective than other pyrimidine nucleotides which ranked, when each was provided at a final concentration of 1 mM, as follows: UMP and UDP > UTP > CMP > CDP > CTP (Table  II) . CPSase was not sensitive to the addition of any of these end products (Table III) . UMP concentrations as low as 0.05 mM inhibited the activity of ACTase more than 70% (Table II) . Surprisingly, ornithine stimulated ACTase activity, but not CPSase, and completely prevented the inhibition of ACTase by added UMP (Tables II and III) . (3) but failed to block the incorporation of Na-H'4CO3 into arginine (this study). These observations taken together suggest that ACTase is a site ofphysiological importance in regulating the activity of the orotic acid pathway for the de novo biosynthesis of pyrimidine nucleotides through end-product inhibition in C. pepo. This possibility is supported further by the results of assays employing cell-free extracts of squash roots. ACTase, but not CPSase, was inhibited by end products of the de novo pyrimidine pathway. The sensitivity of squash root ACTase to the various pyrimidine nucleotide species was similar to that reported previously for mung bean root (Phaseolus aureus) ACTase (UMP = UDP > UTP > CMP > CDP > CTP) (7) . However, unlike our observations with cell-free extracts of squash roots, UMP-inhibition of mung bean root ACTase could not be prevented by the addition ofomithine to assays employing either crude extracts or partially purified enzymes (8) . In further contrast to P. aureus, C. pepo CPSase was not sensitive to feedback inhibition by added pyrimidine nucleotides nor to activation by exogenous ornithine. For both plant species, crude extracts of roots excised from 2-to 3-d-old, dark-germinated seedlings prepared with the same extraction buffer (8) (8) and O'Neal and Naylor (6) obtained in experiments employing cell-free extracts of roots excised from 2.5-to 3-d-old, dark-germinated Phaseolus aureus seedlings or partially purified enzyme preparations of Pisum sativum leaf tissue, respectively, provided evidence that CPSase also serves as a site for regulation ofthe orotate pathway in some plant species. Further research is needed. The present investigation is only the second in which end-product inhibition of both CPSase and ACTase was examined in the same tissue of a vascular plant species, and is the first to examine the influence of pyrimidine end products on both the orotate and arginine biosynthetic pathways in intact plant cells.
The enhanced incorporation of NaH'4CO3 into ZUMP by the addition of ornithine to assays employing intact roots is taken as evidence that ACTase is activated by ornithine in intact roots of C. pepo. This interpretation is consistent with the observed stimulation of ACTase by ornithine in assays employing cell-free extracts prepared from this tissue. Exogenously-supplied ornithine also increased the incorporation of NaH'4CO3 into arginine. Whether this enhanced activity is merely due to the provision of substrate for ornithine carbamyltransferase remains to be determined. While stimulated incorporation of NaH"4CO3 into both LUMP and arginine might result if CPSase was activated by ornithine, this possibility is not supported by the results of assays employing cell-free extracts of C. pepo. The physiological significance of the observed activation of ACTase by ornithine, if any, remains to be demonstrated. Toward this end, it would be of value to determine: (a) the minimum size in vivo of the ornithine pool which will activate ACTase, and (b) the in vivo conditions, if any, which will result in the accumulation of ornithine to this minimum value.
Finally, the enhanced incorporation of NaH'4CO3 into arginine when the activity of the orotic acid pathway was reduced through end-product inhibition, or into RUMP when the activity of the arginine pathway was inhibited by norvaline, suggests the operation of only one CPSase in squash roots. The condition of having only one CPSase and an ACTase enzyme that is sensitive to inhibition by pyrimidine nucleotides identifies the organization of the initial steps of de novo pyrimidine biosynthesis in C. pepo as similar to that of Escherichia coli and Salmonella typhimurium (4).
